SYNOPSIS. The central mechanisms of release calling and mating calling in the Northern leopard frog (Rana pipiens pipiens) and the green tree frog (Hyla cinerea) are discussed. The region of the ventral magnoceHifl-ar preoptic nucleus is essential for miating calling. This area probably contains androgen receptors that project to, and activate, more posterior calling mechanisms. The region of the main sensory nucleus V is involved, in a 'manner not yet clearly understood, in calling. Perhaps this area serves as a sensory correlation center that receives and analyzes a variety o£ sensory inputs, determines what type of call constitutes an appropriate response, and then excites the calling circuits at more posterior levels. The region of the hypoglossal and vagus imotor nuclei is essential for release calling. This area probably serves as a motor coordination center that organizes the motor patterns of calling.
INTRODUCTION
For some time we have been studying the neurological mechanisms whereby anurans (itoads and frogs) produce vocalizations and respond to those vocalizations. The purpose of this work has been to further the understanding of how speciesspecific 'behavior patterns '("fixed action patterns") and recognition mechanisms ("innaite releasing mechanisms") are coded in the nervous system. Anurans and thedr acoustic behavior have been found to have a number of unique characteristics that make them ideal for such investigations. Some of these characteristics will be emphasized below.
Only the males of two species, Rana pipiens pipiens (Northern leopard frog) and Hyla cinerea (green tree frog), will be considered in detail. To the extent that comparable data are available, the basic mechanisms of calling are the same in these two species. Therefore, unless noted otherwise, statements below will apply to both species. Only mating calling and reThis project has been supported by the National Science Foundation and the National Institute of Neurological Diseases and Stroke. Mrs. Betty Ho processed much of the histological material during the earlier periods of this study. Mr. Wayne R. Hudson has set-up, maintained, and in many cases designed, the electronic equipment used. He has also built such non-electric facilities as our animal colony. lease calling, the two types of vocalizing studied most extensively, will be discussed in detail.
The mating call is produced only by males and has been shown in the laboratory (in the case of many anurans) to attract gravid females of the same species. The release call is given by males (and by non-gravid females in some species.) when clasped by a sexually active male. The clasping animal responds to this call by releasing, i.e., by unclasping. Gravid females do not give the release call. Therefore, when they are clasped, clasping is maintained until the eggs have been deposited and fertilized. The release call thus serves to prevent the prolonged clasping of reproductively inappropriate animals.
METHODS
Release calling can be elicited readily in the leopard frog by grasping the animal behind the forelegs. Before mating calling can be elicited reliably, a frog must be brought into reproductive condition by the injection of human choirionic gonadotrophin or frog anterior pituitary glands (Schmidt, 1966b) . After a series of injections, mating calling can usually be evoked by presenting the animal with a tape recording of mating calls of the same species or with artificially produced sounds resembling such calls. Such acoustically evoked calling will be referred to below as "answering." These tactile and acoustic stimuli are essentially "natural" in that they resemble the stimuli normally evoking these types of calling.
In addition, both types of calling can be elicited in Rana by electrical stimulation of the appropriate part of the brain (Schmidt, 1966a (Schmidt, , 1968 (Schmidt, , 1971 . This can be done either in chronic, free moving animals or in acute, restrained animals in which the skull has been firmly attached to a holding device. Under ideal conditions, the calling movements and calls so elicited can be nearly indistinguishable from those elicited by natural stimuli. The experimental set-up for brain stimulation is also used for recording from the brain and for making small, electrolytic lesions in the brain.
The fact that normal calling can be evoked electrically in restrained animals is one of the major advantages of anuran calling behavior. This places the onset of calling under the investigator's control and permits detailed electrophysiological probing of the brain during calling.
During much of this study, it has been sufficient to determine merely whether calling was eliminated by or elicited by an experimental procedure. Therefore, calling movements and the sounds produced were evaluated in terms of whether they appeared and sounded normal. As work has progressed, however, more detailed and objective methods of evaluation have become necessary. This, in turn, has required an increasingly detailed description of calling.
Movements of the more critical structures involved in leopard frog release calling have been described (Fig. 1) (Schmidt, 1965 (Schmidt, , 1966a (Schmidt, , 1972 . Pulmonary respiration (i.e., breathing) has also been of interest to this study since it is clear that calling movements have evolved from respiratory movements. Each cycle of calling can be divided into two phases. The "vocal phase" of calling, during which sound is produced, has apparently evolved by modification of the expiratory phase of pulmonary respiration. The "inspiratory phase" of calling, during which air is returned to the lungs, is identical to the inspiratory phase of pulmonary respiration. A "call" can be defined objectively as the sound produced during the vocal (i.e., expiratory-derived) phase of a single calling cycle.
Sound production in the leopard frog involves three basic types of movement (Fig. 1) . First, there must be a contraction of the body wall. This serves as a pump to increase the intra-pulmonary pressure. Second, the glottis must open in order to permit air flow. Third, the vocal cords must become opposed at the midline so that they can be caused to vibrate by the air flow. It will be noted that the last two of these three actions occur in the larynx. Therefore, a recent study has concentrated on the movements of the four pairs of intrinsic laryngeal muscles during release calling ( Fig. 1) (Schmidt, 1972) .
This brings us to two other advantages of anuran calling behavior. Not only is this behavior a relatively simple "fixed action pattern" (Fig. 2 ), but for preliminary physiological studies, it can be further simplified by concentrating attention on only a few of the more critical movements. For instance, in some of our current work, we are using electromyograms of just two laryngeal muscles to represent calling behavior (Fig. 3) . All of the calling movements of the other laryngeal muscles and of the other structures involved in calling are closely correlated with the movements of these two laryngeal muscles (Fig. 1) .
Finally, the effects of various types of brain lesions on calling have been studied (Schmidt, 1966a (Schmidt, , 1968 (Schmidt, , 1971 . Modern work on the mechanisms of anuran calling begins with the classic study of Aronson and Noble (1945) , in which they investigated the effects of brain lesions on a number of aspects of leopard frog reproductive behavior. Earlier studies are of limited value since they neglected to describe histologically the location of lesions. anatomy necessary for the present discussion. There are three areas especially critical for calling: the preoptic area, the medulla-midbrain junction, and the medullaspinal cord junction. The relative simplicity of the anuran nervous system is another advantage of anurans for this study. Furthermore, the high tolerance of anurans for radical surgical procedures permits additional simplifications to be made surgically. A transection can be made through the anterior edge of the preoptic area without interferring with mating calling or anphase of calling. Vertical time lines in upper three traces at 100 msec intervals. (After Schmidt, 1966a , 1972 swering. The dorsal and medial thalamus, hypothaiamus, optic tectum, and cerebellum are expendable for these behaviors. However, removal of the preoptic area alone eliminates mating calling. Thus, the preoptic area seems to be essential for calling. Indeed, this region and its posterior projections are probably the only parts of the forebrain essential for mating calling and answering (Schmidt, 1966a (Schmidt, , 1968 (Schmidt, , 1971 . Similar results were obtained by Aronson and Noble (1945) , but their conclusions did not specifically implicate the preoptic area, since the importance of that FIC. 2. Oscillogram of release call (upper trace) of leopard frog evoked by a gentle tap on the back (lower trace). The tap was given by a blunt metal probe. One lead of an amplifier was attached to this probe and the other end was suspended in the water in which the frog was sitting. The beginning and ending of the tap were thus recorded as the deflections on the lower trace. Note that the call occurred entirely alter termination of the tap. Such continuation of a behavior independently of the stimulus that triggered it is one of the characteristics often attributed to "fixed action patterns." Time mark = 500 msec. structure in reproductive behavior was not generally recognized at that time.
Small electrolytic lesions in the region of the ventral magnocellular preoptic nucleus eliminate mating calling (Schmidt, 1968) . Electrical stimulation of this region in restrained, acute or in unrestrained, chronic leopard frogs (Schmidt, 1968) and in acute green frogs (Rana clamitans) (Schmidt, unpublished) can evoke mating calling. Therefore, the region of the ventral magnocellular nucleus seems to be the critical area involved in mating calling. Similar stimulation results have been obtained in American toads (Bufo americanus) (Schmidt, 1968 ), Fowler's toads (B. woodhousei fowleri) (Schmidt, unpublished) , and marine toads (ZJ. rnarinus) (Schmidt, unpublished) . It, thus, seems likely that the preoptic mechanisms of mating calling are similar in toads.
Numerous studies in a variety of vertebrates have implicated the preoptic area in reproductive behavior. These include lesion (e.g., Sawyer, 1960) , electrical stimulation (e.g., Akerman, 1966) and hormonal stimulation (e.g., Miller, 1965) investigations. Supposedly, the anuran preoptic area contains anclrogen receptors that project to and activate more posterior calling mechanisms (Fig. 4) .
It is interesting that the region of the ventral magnocellular nucleus has also been found to be essential for the orientation of gravid female anurans to mating calls of their own species (Schmidt, 1969) . That is, the same part of the preoptic area may be involved in responses to mating calls by both sexes. On the other hand, the FIG. 3 . Results of an early attempt to record the neural correlates of electrically evoked release calling in the leopard frog. Upper trace shows activity of several neurons (recorded with a bipolar electrode in the vicinity of the hypoglossal nucleus) which is inhibited during the inspiratory phase of calling. Second trace shows activity of a glottal opener muscle recorded with a bipolar electrode as in Schmidt (1972) . Terminal, low amplitude, non-periodic burst of activity is during the inspiratory phase, and the higher amplitude, periodic bursts preceding this are during the vocal phase (compare with second trace of Fig. 1 ) . Third trace is result of unsuccessful placement of electrode in a glottal closer. Lower trace is stimulus monitor. Vertical time lines at 100 msec intervals. orientation of a reproductively active male toward an approaching female seems to require the presence of 'the region of the dorsal magnocellular nucleus of the preoptic area (Schmidt, 1968) . The anuran preoptic area thus may be functionally divided into a number of separate units, each activating a different aspect of mating behavior.
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Lower drawing is a horizontal section at level of arrows in upper drawing. Model of calling mechanisms at bottom of figure (After Schmidt, 1971 .)
MEDULLA-MIDBRAIN JUNCTION
A transection at the anterior edge of the inferior colliculus does not interfere with release calling. The cerebellum and optic teotum are also expendable for calling. Release calling returns after several days or weeks following ablation of the inferior colliculus (Schmidt, 1966a) . The failure of Aronson and Noble (1945) to find calling after this latter lesion is undoubtedly due to the fact that they did not test their animals for as long a period.
Considering the extensive auditory input to the midbrain (Potter, 1965; Loftus-Hills and Johnstone, 1970; Loftus-Hills, 1971) , it is surprising to find that mating calling and answering can be elicited following removal of the inferior colliculus (Schmidt, 1966«, 1971 ).
Much of the medial portion of the midbrain and anterior medulla and the dorsal part of the walls of the medulla under the cerebellum can be removed without interfering with release calling, provided that these lesions do not approach too closely the region of the main sensory nucleus of the trigeminal nerve (cranial nerve V). Gross lesions that extend into the main sensory nucleus V, or small electrolytic lesions that destroy this area selectively, abolish mating calling and release calling (Schmidt, 1966a (Schmidt, , 1971 . A limited number of similar lesions of the meclulla-miclbrain junction in the American, Fowler's, and marine toad suggest that the region of the main sensory nucleus V is also involved in normal release calling in toads (Schmidt, unpublished) . It is interesting that another respiration-derived behavior, lung inflating, can be elicited by electrical stimulation of this area in the marine toad (Abbie and Adey, 1950; Schmidt, 1966a) .
Electrical stimulation of the trigeminoisthmic tegmentum (the floor of the medulla under the cerebellum) elicits release calling in the leopard frog (Schmidt, 1966fl, 1971 . The most sensitive parts of this area are the region of the main sensory nucleus V and the midline between these two nuclei (where fibers leaving these areas apparently cross to the opposite side). Stimulation of the region of the main sensory nucleus V sometimes elicits an additional call, the warning cry.
It was initially supposed that the region of the main sensory nucleus V was involved in the organization of the motor pattern of calling. However, it has been found more recently that after a transection just posterior to these nuclei, one can sometimes evoke nearly normal release calling movements of the larynx by electrical stimulation of the brain just posterior to the transection (Schmidt, 1971) . (Release calling movements of the larynx are quite characteristic and identifiable.)
Perhaps the region of the main sensory nuclei V serves as a sensory correlation center that receives and analyzes a variety of sensory inputs (Fig. 4) . We have recorded auditory responses from this area (Schmidt, 1971), and Herrick (1948) suggests that this area may receive input from all sensory systems. The region of the main sensory nuclei V has been given almost no anatomical attention. Brain sections of tree frogs (in which the main sensory nuclei V are especially conspicuous) show the complexity of this area (Fig. 5) . Capranica (1965) has also postulated call recognition circuits in the region of the meclulla-midbrain junction. Each anuran inner ear has both a high-frequency sensitive auditory receptor, the pars basilaris, and a low-frequency sensitive auditory receptor, the pars amphibiorum (Frishkopf and Goldstein, 1963) . Capranica (1965) has found that bullfrogs (Rana catesbeiana) in the laboratory will answer electronically generated "mating calls" only if these sounds contain both high-and low-frequency peaks of energy, i.e., only if both auditory receptors are simultaneously excited. Therefore, he has suggested that answering occurs only when a "mating call detector" (a central neuron or neuron pool) is excited by simultaneous input from both receptors. A search of the medulla and midbrain for such neurons has been unsuccessful (Frishkopf et al., 1968 ).
An alternative interpretation of Capranica's data seems possible. Perhaps the central mechanisms that "recognize" a mating call and trigger answering can be activated once the total input from either (or both) of these receptors reaches a certain threshold. This hypothesis is suggested by two lines of unpublished evidence from our laboratory.
First, we have found that pituitary-injected leopard frogs will answer electronically generated "mating calls" with the energy restricted largely to the frequency range of just one of the auditory receptors. Because of limitations of our sound generating and analyzing equipment, however, we were not able to completely eliminate the possibility that the sound stimuli might actually have contained sufficient energy in both the high-and low-frequency ranges so that both auditory receptors were excited to some extent. In the process of determining whether the purchase of additional equipment was justified, it became clear that it would be most difficult, if not impossible, to test our hypothesis by this method. Because of the slight overlap in frequency sensitivities of the two receptors, one could always claim that the supposedly "single-frequency" stimuli actually contained sufficient energy within both frequency ranges to excite, to some extent, both receptors. In this respect it is interesting that considerable acoustically (Schuknecht and Woellner, 1953) and visually (Galambos et al., 1967) evoked behavior can remain intact following destruction of most of the relevant sensory input.
This lead to our second approach, based upon the belief that the only clear test of our hypothesis must involve elimination of one of the receptors. Therefore, each pars basilaris was removed from several leopard frogs, and it was found that they were still able to answer acoustic stimuli. However, histological examination of the lesioned ears showed that there was a certain amount of regeneration. Although those structures that might possibly be considered to be a regenerated pars basilaris were quite rudimentary and abnormal, and probably nonfunctional, one cannot exclude the possibility that there might have been some central input from these structures.
In spite of the difficulty of testing these two hypotheses, it is possible that they are not really contradictory. The reproductive activity of anurans generally tends to wane under laboratory conditions, and it has been our experience that bullfrogs adapt to laboratory conditions much less readily than do leopard frogs. Therefore, the answering threshold of Capranica's bullfrogs (which were not treated with hormones) might have been sufficiently high that it could be reached only by the combined input from both pars basilaris and pars amphibiorum, whereas the threshold of our pituitary-injected leopard frogs might have been sufficiently low that it could be reached by the input from only one of these receptors (Fig. 6) . Perhaps the injection of laboratory bullfrogs with anterior pituitaries would sufficiently lower their answering threshold so that they, also, would respond to stimuli exciting only one type of auditory receptor. It is possible, of course, that there are differences between the two species in type of "mating call detector." However, Lift (1969) has shown that the auditory physiology of the leopard frog is basically similar to that of the bullfrog (Frishkopf and Goldstein, 1963) . The fact that a number of tree frogs probably use only the pars basilaris in responding to mating calls (Martof and Thompson, 1964; Schmidt, 1964; Frishkopf, et al., 1968) shows that at least some anurans do not require simultaneous input from both receptors.
MEDULLA-SPINAL CORD JUNCTION
In the experiments (noted above) in which transections were made posterior to the main sensory nuclei V and the brain electrically stimulated posterior to the transection it was found that the most posterior transection allowing nearly normal release calling movements of the larynx was approximately at the posterior edge of the cranial nerves VIII. Normal pulmonary respiratory movements of the larynx were also seen after this transection. Another series of experiments involved stimulation of the anterior medulla (in the region of a main sensory nucleus V) after sectioning the spinal cord at various levels (Schmidt, 1971) . In this case, electrically evoked release calling movements and respiratory movements of the larynx remained normal as long as the transection was posterior to the hypoglossal nuclei. Tianseotions at increasingly more anterior levels caused increasing abnormalities of calling movements. After transections at the anterior edge of the vagus nuclei, there were no longer any laryngeal movements resembling calling or respiration. The region of the hypoglossal and vagus nuclei thus seems to contain the main mechanisms that organize the motor patterns of calling and breathing. This is further suggested by the fact that small lesions restricted to this level modify or abolish electrically evoked release calling movements of the larynx (Schmidt, 1971) .
These smaller lesions also provide some preliminary information on the organization within this area. Damage to the region between the hypoglossal nuclei interferes with the inspiratory phase of release calling and with the cyclic repetition of release calling cycles of the larynx. After such lesions there are only vocal-phase movements of the larynx that continue (uninterrupted by inspiratory phases) for the duration of brain stimulation.
At present we are attempting to record the neural correlates of electrically evoked release calling from the posterior medulla (Fig. 3) .
A MODEL OF CALLING MECHANISMS
Recently, the basic mechanisms of calling have been summarized in the form of a simple, preliminary model (lower part of Fig. 4) (Schmidt, 1971) . As these mechanisms become understood in more detail and in additional species, species-specific differences will appear, since anuran vocalizations are, to varying degrees, speciesspecific. Also, the differences in the mechanisms controlling the different calls of a single species will become clearer.
The model postulates a motor coordination center ("efferent vocal center") (Schmidt, 1971) in the region of the hypoglossal and vagus nuclei. It is in this area that the patterns of calling movements are generated. These mechanisms probably consist of the medullary respiration centers, plus the necessary elaborations to modify breathing movements into calling movements.
The model also postulates a sensory correlation center ("afferent vocal center") (Schmidt, 1971) in the vicinity of the main sensory nucleus V. This area may receive a variety of sensory inputs, analyze these inputs, determine the appropriate vocal response, if any, and transmit this information to the more posterior motor coordination mechanisms. During the breed-ing season, input from the preopfcic androgen receptors activates this center so that an appropriate acoustic stimulus (i.e., mating call of the same species) can trigger mating calling. Sufficiently intense input from the preoptic area can cause spontaneous mating calling in the absence of any acoustic input. Appropriate tactile input to 'this center elicits release calling.
In many species, both males and nongravid females give release calls. It appears that both sexes also have the basic mechanisms for mating calling and answering. Female green tree frogs have been induced to mating call (in response to taped mating calls of the same species) following implantation of Rana testes and anterior pituitary glands into the body cavity (Schmidt, 1966a) .
It is probable that feedback from the periphery is not required for the patterning of calling movements. Normal, electrically evoked release calling movements of the larynx have been observed following section of all cranial nerves (except the long laryngeal branch of the vagus) plus transection of the spinal cord at the posterior edge of the hypoglossal nuclei and section of each hypoglossal nerve (Schmidt, 1966a) . Also, normal, electrically evoked release calling movements of the sides have been found following section of all cranial nerves and each hypoglossal nerve (Schmidt, 1971) .
